Abstract. Current velocity and water density profiles were obtained along two crossestuary transects with the purpose of determining the fortnightly variability of the transverse dynamics in a partially stratified coastal plain estuary. The profiles were measured with a towed acoustic Doppler current profiler and a conductivity-temperaturedepth recorder in the James River estuary, Virginia. The cross-estuary transects were sampled during the spring tides of October 26-27, 1996, and the ensuing neap tides of November 2-3, 1996. The transects were-4 km long, featured a bathymetry that consisted of a channel flanked by shoals, and were sampled repeatedly during two semidiurnal tidal cycles (25 hours) in order to separate semidiurnal, diurnal, and subtidal signals from the observations. This work concentrates on the subtidal transverse dynamics. The transverse baroclinic pressure gradients were larger during neap tides than during spring tides. During spring tides the advective accelerations were predominantly greater than the Coriolis accelerations, most markedly over the edges of the channel.
friction of secondary importance, even though the frictional terms were comparable to the Coriolis accelerations [Pritchard, 1956, Table III ]. Because of the assumption of geostrophic dynamics in the transverse direction it has also been supposed that there is no fortnightly variability in the transverse dynamics of a partially stratified estuary. Recently, however, Valle-Levinson and Atkinson [1999] found that non-linear advection across the estuary can be of greater magnitude than the Coriolis accelerations in some portions of the lower Chesapeake Bay, thus invalidating the geostrophic assumption. Also, it is well known that around headlands [e.g., Geyer, 1993] and around meandering channels [e.g., Bathurst, et al., 1977; Thorne and Hey, 1979; Kalkwijk and Booij, 1986; Dronkers, 1996] nonlinear effects in the form of centrifugal accelerations tend to dominate over Coriolis accelerations. Nonetheless, the later studies concentrated on the interaction of tidal currents with bathymetry over relatively short cross sections of systems with pronounced curvatures and, for the most part, vertically well mixed. The objectives of this study are (1) to assess the validity of the geostrophic approximation across an entire section of a partially stratified coastal plain estuary and (2) to explore the fortnightly variability of the transverse dynamics in a coastal plain estuary. This is done by calculating the magnitude of the terms in the transverse momentum balance that are assessable with velocity and density profiles obtained at two transects across the James River estuary, Virginia.
A description of the study area is presented in Section 2, followed by a presentation of the data collection and processing techniques in Section 3. Then, the fortnightly variability of the mean density and flow fields is discussed, followed by the presentation of the pressure gradients and their fortnightly variability in Section 4. The magnitude of these gradients is then compared to that of the Coriolis and advective accelerations and to the magnitude of the frictional or vertical exchange of momentum term. The main conclusions are presented in Section 5.
Study Area
The James River estuary is the southernmost tributary to the Chesapeake Bay. It has been chosen as the location to examine the objectives mentioned above because it is narrow enough to allow near-synoptic sampling of the density and flow fields (Figure 1 ). Also, this estuary is a typical example of a partially stratified coastal plain estuary and is where a large amount of the pioneering work on estuarine dynamics took place [Pritchard 1952 [Pritchard , 1954 [Pritchard , 1956 . In addition, the James River displays a bathymetry that consists of a main channel of maximum depth of 15 m, located approximately between 0 and 2 km from the beginning of each transect (Figure 1) , and a secondary channel, 5-6 m deep, located roughly at 3 km from the beginning of each transect. The main channel is partitioned into a deep part (up to 15 m deep) and a shallow part (-9 m deep). In the deep part, between 0 and 1 km, flood currents are stronger than ebb currents (flood-dominated part) and in the shallow part, between 1 and 2 km, ebb currents are stronger than flood currents (ebb-dominated part). As will be seen, this partition of the main channel has relevant implications to the transverse dynamics of this system. The study area is located over a relatively straight segment The James River estuary is forced by the direct freshwater influence from James River discharges and by tides subject to spring-neap modulation. Mean annual river discharges gauged at Richmond, Virginia, peak in March at roughly 500 m3/s and are weakest in August at 80 m3/s [Wood and Hargis, 1971] . Longitudinal density gradients in the study area range between 0.2 and 0.5 tlt/km [Hepworth and Kuo, 1989] . Tides and tidal currents are predominantly semidiurnal, and the three most energetic constituents are, in order of importance, M 2, N 2, and S2, with the M 2 bearing -80% of the total energy of the signal [Browne and Fisher, 1988] . Therefore spring-neap variations with monthly asymmetry (only one extreme spring and neap period per month) are expected for both tides and tidal currents. 
where 02 and tJ 1 are the semidiurnal (2n/12.42 h) and diurnal (2n/23.9 h) frequencies, respectively, and t is time in hours from the beginning of the day of the sampling. The root-mean-squared error between the fit and the observations was typically <0.05 m/s, which indicated that the fits reproduced well the actual conditions of the period observed. The variability explained by the fits was consistently >90%. The addition of a quarter-diurnal (2n/6.21 h) frequency to the analysis produced minor modifications to the subtidal flows. These modifications were only restricted to the shallowest portion (<3 m), at the southernmost end of the transects. The inclusion of the quarter-diurnal frequency only increased by <1% the variability explained by the fits. The salinity measurements were subject to the same type of analysis as the flow. The sampling rectangle was repeated 16 times during spring tides and 10 times during neap.
During neap tides the salinity time series did not have as high temporal resolution as the current velocity measurements because of boat and instrument failures. Despite the increased sampling interval for salinity the root-mean-squared error between the fit and the observations was typically <0.2 and the variability explained by the fit was also consistently >90%.
The river discharge that influenced the area studied decreased by 15% from spring (130 m3/s) to neap tides (110 m3/s) ]. These discharges were still higher than normal, as 1996 was the wettest year on record in terms of river discharge to the Chesapeake Bay and fourth wettest for the James River. The wind velocities remained below 10 m/s, which allowed the sampling of the transects from small boats. 
Description of Observations
The importance of each term of (3) relative to the pressure gradient is now assessed. In order to do that the pressure gradients are calculated first. 
Advective Acceleration Versus Baroclinic Pressure Gradient
The magnitude of the ratio of {vOv/Oy) to {g/p f_ZaOp/Oydz) is also, in general, <1 (Figure 7) . 
Summary
The main findings of this study of fortnightly variability in the transverse dynamics in the James River estuary, using measurements of current velocity and density profiles, are as follows. These all refer to tidally averaged properties: 
